We explored the dependency of the saccadic remote distractor effect (RDE) on the spatial frequency content of target and distractor Gabor patches. A robust RDE was obtained with low-medium spatial frequency distractors, regardless of the spatial frequency of the target. High spatial frequency distractors interfered to a similar extent when the target was of the same spatial frequency. We developed a quantitative model based on lateral inhibition within an oculomotor decision unit. This lateral inhibition mechanism cannot account for the interaction observed between target and distractor spatial frequency, pointing to the existence of channel interactions at an earlier level.
Introduction
Saccadic eye movements enable a detailed analysis of objects of interest in a visual scene by bringing them onto the high-resolution fovea. Within the duration of a fixation, the foveal object is analysed in detail, peripheral information is processed in order to decide where to look next, and the subsequent movement is programmed (Hooge & Erkelens, 1996) . During the final 50-70 ms of a fixation interval, new visual information cannot be incorporated in the movement plan (Hanes & Carpenter, 1999; Hooge & Erkelens, 1999) . Thus, a saccade represents a decision on the basis of the analysis of peripheral visual information in a relatively short period of time.
One of the fundamental tenets of visual neuroscience is that visual processing is mediated by a host of channels, each of which responds to a limited range of spatial frequencies across the input image (Campbell & Robson, 1968; DeValois & DeValois, 1988; Graham, 1989) . Thus, a channel in this context can be regarded as a collection of mechanisms or neurons with similar spatial filtering characteristics, but representing different points of the visual field. However, studies of saccade targeting have generally given very little consideration to the role of these visual channels. Target selection is often depicted as some competitive process that takes place within an oculomotor unit such as the superior colliculus (SC) or frontal eye fields (FEF) (Findlay & Walker, 1999; Trappenberg, Dorris, Munoz, & Klein, 2001) . For a more complete understanding of how we determine where to look next, it is necessary to study in more detail how the oculomotor system is affected by the characteristics of the visual input.
One method of studying saccade target selection is by using distractor interference paradigms. If a particular type of distractor interferes with a target-directed saccade, one can infer that the saccadic system is sensitive to some aspect of the distractor. Interference can manifest itself in the landing position (e.g. Coren & Hoenig, 1972; Findlay, 1982; He & Kowler, 1989; Ludwig & Gilchrist, 2002 , 2003a McSorley & Findlay, 2003) , in the trajectory (e.g. Doyle & Walker, 2001 Godijn & Theeuwes, 2002; Ludwig & Gilchrist, 2003b; McPeek & Keller, 2001; McSorley, Haggard, & Walker, 2004) , and in the latency (e.g. Walker, Deubel, Schneider, & Findlay, 1997; Walker, Kentridge, & Findlay, 1995) of the target-directed movement.
One well-established interference effect is the increase in the latency of target-directed saccades when a distractor appears elsewhere in the visual field, at close temporal proximity (Walker et al., 1997; Walker et al., 1995) . This remote distractor effect (RDE) occurs even when the target always appears in one hemifield and the distractor in the opposite hemifield. This finding suggests that the RDE is automatic and independent from the preparatory processes that may occur under these conditions. Explanations of the RDE have focused on competitive interactions between target and distractor related activity at the level of the midbrain superior colliculus (Olivier, Dorris, & Munoz, 1999; Rafal, Smith, Krantz, Cohen, & Brennan, 1990; Walker et al., 1997; Walker, Mannan, Maurer, Pambakian, & Kennard, 2000) . Walker et al. (1997) hypothesised that the RDE was the result of competition between the rostral and caudal collicular neurons that are responsible for maintaining fixation and moving the eyes respectively (Munoz & Wurtz, 1993) . They suggested that distractors as far out as 10°still activated the SC fixation neurons to some extent, inhibiting the build up of target-related activity. An alternative scheme was suggested by Olivier et al. (1999) (see also Munoz & Istvan, 1998) . They argued that long-range inhibitory interactions between collicular populations coding the movements to the target and distractor, were responsible for the observed latency interference.
As outlined above, distractor interference can reveal what type of information the saccadic system is sensitive to. The first goal of this study was to exploit the RDE in order to learn about the sensitivity of the saccadic system to spatial scale. For instance, it may be that low spatial frequency information is of particular importance to the eye movement system. By definition, a saccade target will be located outside the fovea, where the sensitivity to high spatial frequencies is dramatically reduced (Pointer & Hess, 1989) . Also, it is the act of fixation itself that enables the inspection of fine detail, that is, high spatial frequency information. As such, the decision to fixate an item may well be based on analyses at coarse spatial scales. Thus, one hypothesis is that the low spatial frequency components of the distractor are responsible for the interference effect. An alternative hypothesis is that the RDE is driven by the extent to which the target and distractor activate the same visual channels. In other words, the effect may depend on the overlap in the spatial frequency content of the items in the visual field. A more detailed discussion of these hypotheses is deferred until after the results of Experiment 1 have been presented. Suffice to say for now that hypotheses of this sort are difficult to examine using existing published data because of the use of broadband stimuli such as dots, squares, crosses, etc.
The RDE is often explained in terms of competitive interactions between alternative movement programs. The second goal of this study was to develop a quantitative model that could account for the type of data generated by RDE experiments (see section ÔCompetitive accumulator modelÕ). At the heart of the model is the idea that a saccade program can be regarded as a process of accumulating evidence up to a threshold, in favour of one particular movement (as in LATER--see Carpenter & Williams, 1995) . In addition, the model incorporates a lateral inhibition mechanism that resolves the competition between different saccade programs. We fit the model to data from individual observers in order to examine the extent to which our results could be accounted for in terms of such a simple lateral inhibition mechanism.
Methods
The basic task was the same in all experiments. A target Gabor patch appeared at 4°or 8°eccentricity either left or right from fixation on the horizontal midline. Saccade direction was blocked so that the target always appeared in one and the same hemifield. The observerÕs task was to saccade to the target patch. On the majority of trials a distractor Gabor appeared simultaneously with the target in the opposite visual field, on the horizontal midline at 6°eccentricity. The distractor was completely irrelevant, and observers were instructed to ignore it. Thus, the distinction between the target and distractor is based upon spatial location. In different experiments we manipulated the distractor spatial frequency, target spatial frequency, and target contrast. The specific manipulations are listed in Table 1 .
Observers viewed the display from a distance of 57 cm, with their head resting on a chin rest. A trial started with the appearance of a 0.3°· 0.3°black cross that served as the central fixation point. When the observer fixated the centre of the display, the experimenter initiated a random foreperiod of 200-1000 ms after which the target patch appeared. The fixation point was extinguished simultaneously with target onset. The target remained visible for 1000 ms.
The displays were generated using custom written software for a VSG 2/3 graphics card (Cambridge Research Systems Ltd.). Stimuli were presented on a 21 00 gamma corrected monitor (Eizo FlexScan T965) run-ning at 80 Hz with a 1024 · 770 pixel resolution. The stimuli were horizontal Gabor patches with carrier frequencies of 1, 2, 4, 8, or 16 c/deg. The standard deviation of the spatial envelope was 0.5°. With the size of the envelope fixed, the bandwidth of the patches were 1. 94, 0.87, 0.43, 0.21, and 0.11 octaves respectively (Graham, 1989) . Contrast was defined as the Eye movements were monitored with an EyeLink II eye tracker (SR Research Ltd.) . This infrared tracking system samples eye position at 250 Hz with a spatial accuracy of $0.3°. Saccades were detected using velocity and acceleration criteria of 30 deg/s and 8000 deg/s 2 . The eye movement data were analysed off-line. Only the first saccade after display onset was analysed. Trials were excluded when (i) gaze deviated more than 1°from the display center at the time of target presentation, (ii) the eye movement was anticipatory (latency < 80 ms; Wenban- Smith & Findlay, 1991) , and (iii) the saccade was inaccurate (landing outside a 2°region from the centre of the target). We report the mean latency of the first saccade.
Six different observers with normal or corrected-tonormal vision participated in each experiment. Overall 12 men and 12 women with an age range of 18-37 years, took part. All experiments except for Experiment 2b, were run in two 1 h sessions with saccade direction blocked throughout a session, but alternated between sessions.
Experiment 1
In this initial experiment we aimed to characterise the modulation of the RDE by the spatial frequency of the distractor. The target spatial frequency was 4 c/deg, and contralateral distractors had carrier frequencies of 1, 2, 4, 8, or 16 c/deg. Each combination of target eccentricity and distractor spatial frequency, plus the two no distractor baseline displays, was repeated eight times in a block of 96 trials, in a random order. Observers performed four blocks in each session, for a total number of 768 trials over the two sessions.
Results and discussion
Averaged across observers 2.9 (range: 0.4-6), 1.3 (range: 0.1-3), and 2.4 (range: 1-5) percent of the trials were excluded because of deviations from central fixation, anticipations, and inaccurate saccades respectively. The mean latencies of the target-directed saccades are plotted as a function of distractor spatial frequency in Fig. 1 , separately for near and far targets. The horizontal grey line indicates the baseline latency. Error bars (and grey dashed horizontal lines) are 95% confidence intervals (Bakeman & McArthur, 1996) .
As the figure shows, distractors with a spatial frequency less than or equal to 4 c/deg were about equally disruptive. The target-directed saccades were delayed by 12-14 ms. This figure is consistent with the values reported by Walker et al. (1997) , for a similar configuration of target and distractor eccentricities. High spatial frequency distractors interfered much less: The delay caused by an 8 c/deg distractor was about half of that caused by the lower spatial frequency distractors, and the 16 c/deg distractors produced no disruptive effect at all.
The mean latencies were subjected to a repeated-measures ANOVA with the following factors: saccade direction (left/right), target eccentricity (near/far), and distractor spatial frequency (0, 1-16 c/deg; a spatial frequency of 0 corresponds to the no-distractor baseline trials). There was an effect of distractor spatial frequency, F(5, 25) = 17.00, p < 0.01. This main effect is caused by the differences between the baseline conditions and some of the distractor conditions (64 c/deg), as well as differences between the distractor conditions themselves. In addition, there was a significant main effect of eccentricity, F(1, 5) = 10.38, p < 0.05, reflecting the longer latencies of saccades to near targets. This latency advantage for more peripheral targets ranged from 0 to 13 ms for the six observers (mean = 7 ms), pooled over the six distractor spatial frequencies. Walker et al. (1997) reported that the magnitude of the RDE decreased monotonically as a function of the ratio of the distractor to target eccentricity. Thus, for any given target eccentricity the RDE grows as the distractor location approaches the central fixation point. 
This finding was used to argue for the extended fixation zone hypothesis described earlier. In the present experiment the distractor location was constant, but there were two target eccentricities. For near and far targets the ratios of distractor to target eccentricity were 1.25 and 0.75 respectively. Inspection of Fig. 8 from Walker et al. (1997) suggests that these two ratios can yield a difference in the RDE as large as 10 ms (in favour of the smaller ratio, i.e. the far target configurations in the present experiment). We did not obtain an interaction between target eccentricity and distractor spatial frequency. Because these eccentricity effects are of minor importance for the hypotheses examined in this paper, they will not be considered any further. The main result of Experiment 1 is a robust RDE for spatial frequencies less than or equal to 4 c/deg. We will outline several hypotheses for the spatial frequency modulation of the RDE. At this point it is useful to make one core assumption of our reasoning explicit. Throughout this paper we assume that the amount of distractor interference grows monotonically with the magnitude of the internal response triggered by the distractor.
Lowpass channel hypothesis
As stated in Section 1, one possibility is that the saccadic system is particularly sensitive to low spatial frequency information. In other words, the amount of interference is determined by the distractor response in a channel with high spatial frequency attenuation. Interference occurs whenever a distractor elicits a strong response from this channel, regardless of the target spatial frequency. In order to explain the constant distractor interference up to 4 c/deg, one would have to assume either (a) that Gabors with spatial frequencies up to 4 c/deg generate a similar channel response or (b) that the amount of interference asymptotes once the distractor has elicited some level of channel activation. This level is exceeded by low to medium spatial frequency distractors, but not by the high spatial frequency patterns (8 and 16 c/deg).
Channel overlap hypothesis
An alternative possibility is that the magnitude of the distractor interference depends on the extent to which the target and distractor activate the same channel. That is, distractors with a spatial frequency up to 4 c/deg activated the same channel as the 4 c/deg target. Spatial frequency channels have a limited bandwidth that is often estimated to be around 1 octave (see Graham, 1989) . It is possible that a channel that optimally responds to the 4 c/deg target may still be activated by the 1 c/deg distractor given the larger bandwidth of the low spatial frequency Gabors, compared to the high spatial frequency patches. Again, one would have to assume that the distractor interference asymptotes at some level of target channel activation. Low to medium spatial frequency distractors may achieve this level by virtue of their larger bandwidth, whereas high spatial frequency distractors (8 and 16 c/deg) fail to do so.
Channel monitoring hypothesis
Even though the target spatial frequency is effectively irrelevant for the observer because the target is defined by the hemifield in which it appears, observers may perform the task by monitoring a channel centered on the target spatial frequency for increased activity. As such, it may be that the driving force behind the interference is not so much whether the distractor activates the same channel as the target on a particular trial, but more whether a distractor activates any channel that is being monitored for target related activity within a block. For instance, in a situation where the target spatial frequency varies from trial to trial, several channels may be monitored. According to this hypothesis, a distractor that activates any of these channels will delay the target-directed movement.
Experiment 2
It is possible to begin to distinguish between the hypotheses outlined above by varying the target as well as the distractor spatial frequency. In the current experiment, the target Gabor had a spatial frequency of either 2 or 8 c/deg, and varied unpredictably. The contralateral distractor had a carrier spatial frequency of 2, 4, or 8 c/ deg. According to the lowpass channel hypothesis, we should obtain the same pattern of interference as that of Experiment 1 for both target spatial frequencies. The channel overlap hypothesis predicts maximum interference for conditions in which the target and distractor spatial frequencies are the same. The channel monitoring hypothesis predicts maximum interference from the 2 and 8 c/deg distractors, for both target spatial frequencies.
Combining the two target spatial frequencies and eccentricities with the three distractor spatial frequencies, and including the four no distractor baseline trials (one for each combination of target spatial frequency and eccentricity), resulted in 16 different display types. Each display was repeated five times in a block of 80 trials, randomly intermixed. Six new observers performed five blocks in a session, for a total of 800 trials over two sessions (one for each saccade direction).
Results and discussion
The percentage of excluded trials, averaged across observers, was 6.4 (range: 0.7-11) as a result of deviations away from central fixation, 2.6 (range: 0.8-4), because of anticipations, and 3.0 (range: 0.5-6) due to saccades landing more than 2°from the centre of the target. The mean latencies of the remaining trials are plotted in Fig. 2 as a function of distractor spatial frequency, separately for 2 and 8 c/deg targets (left and middle panels respectively). When the target had a spatial frequency of 2 c/deg, the results were similar to that obtained in Experiment 1. The pattern appears to be different for the 8 c/deg target, where the drop in interference with spatial frequency was absent.
The mean latencies were entered into an ANOVA with the factors side, eccentricity, target spatial frequency (2 or 8 c/deg), and distractor spatial frequency (0, 2, 4, or 8 c/deg) as repeated measures. There were main effects of target spatial frequency [F(1, 5) = 16.38, p < 0.05] with generally longer latencies to the 8 c/deg target, distractor spatial frequency [F(3, 15) = 7.15, p < 0.01], and a significant interaction between the two [F(3, 15) = 6.14, p < 0.01].
The important question is whether the interaction between target and distractor spatial frequency arises because the pattern of saccade latencies over the distractor conditions varies with the spatial frequency of the target. Therefore, we repeated the ANOVA excluding the baseline conditions. The main effect of target spatial frequency remained significant, but that of distractor spatial frequency did not. The interaction between the two factors was significant though [F(2, 10) = 7.55, p < 0.05], confirming that the 8 c/deg distractor was as disruptive as the low to medium spatial frequency distractors when the target spatial frequency was 8 c/ deg as well.
Even though the channel overlap hypothesis was the only one to predict an interaction between target and distractor spatial frequency, the form of the observed interaction was not in accordance with the predicted pattern of maximum distractor interference centered on the target spatial frequency. We found that low to medium spatial frequency distractors disrupted the target-directed eye movement regardless of the target spatial frequency. The high spatial frequency caused similar interference only when the target spatial frequency was high as well.
The observed pattern of interference with the high spatial frequency target is consistent with a channel monitoring hypothesis, provided that 4 c/deg distractors caused some activation in both 2 and 8 c/deg channels. With 2 c/deg targets, the drop in interference for the higher spatial frequencies obviously violates the predictions of this hypothesis. However, note that the overall latency of saccades to the 2 c/deg target was reduced (a 14 ms difference with the 8 c/deg target latencies; see also Ludwig, Gilchrist, & McSorley, 2004 . For similar effects on manual reaction times, see Breitmeyer, 1975; Felipe, Buades, & Artigas, 1993; Gish, Shulman, Sheehy, & Leibowitz, 1986; Thomas, Fagerholm, & Bonnet, 1999) . Given that high spatial frequencies appear to be processed more slowly, it may be that with a 2 c/deg target, the activation of the 8 c/deg channel by the distractor arrives too late to delay the target-directed movement.
As an additional test of the channel monitoring hypothesis, and as a check on the reliability of the flat pattern of distractor interference with the high spatial frequency target, we tested six new observers in the 8 c/ deg target condition of Experiment 2. Because the target spatial frequency remained constant, a channel monitoring hypothesis predicts that the maximum interference occurs with the 8 c/deg distractor, with a drop for low spatial frequency distractors.
The results of this experiment (2b) are plotted in the right panel of Fig. 2 . It is immediately obvious that the results closely replicated those of the 8 c/deg target condition when the target spatial frequency varied unpredictably. The pattern of distractor interference across spatial frequency was flat, as confirmed by an ANOVA on the mean latencies of the distractor conditions [effect of distractor spatial frequency: F(2, 10) < 1]. We conclude that the channel monitoring hypothesis as formulated above cannot explain the results obtained so far.
We now consider an alternative hypothesis that accounts for the pattern of results in Experiment 2(b). We have assumed that distractor interference is a monotonic function of the internal contrast response elicited by the distractor. An index of the internal response triggered by a stimulus is its perceived or apparent contrast. It is well established that above threshold, contrast perception is veridical. That is, the contrast of a high spatial frequency pattern is perceived to be equal to that of a low spatial frequency pattern when their physical contrast is matched (Cannon, 1979; Cannon & Fullenkamp, 1979; Georgeson & Shackleton, 1994; Georgeson & Sullivan, 1975; Ginsburg, Cannon, & Nelson, 1980; Hamerly, Quick, & Reichert, 1977; Kulikowski, 1976) . Crucially however, this finding of contrast constancy only holds at extended exposure durations (Kitterle & Corwin, 1979) . The perceived contrast of low spatial frequency patterns varies nonmonotonically with exposure duration. The function peaks at about 100 ms and then gradually drops to the level of the physical contrast. For high spatial frequency patterns, the perceived contrast is much reduced at short exposure durations, but increases monotonically up to the physical contrast level. In Fig. 2 of Kitterle and Corwin (1979) , the two functions (for 1.45 and 10 c/deg sinusoidal gratings) converge at an exposure duration of $500 ms.
The mean latencies in our experiments varied between 190 and 220 ms. During the final 50-70 ms of this latency period, new information is no longer incorporated into the saccade program (saccadic dead time; e.g. see Hooge & Erkelens, 1999) . The amount of time available for visual processing is thus curtailed by the saccade latency. On the basis of the observed mean latencies, we suggest that the internal contrast response generated by the distractor is based on an effective exposure duration of about 120-170 ms. At these durations we may well expect the internal response to a high spatial frequency Gabor to be smaller than that of a lower spatial frequency pattern. It would therefore not be surprising that the high spatial frequency patterns interfere less than low to medium spatial frequency patches.
In order to explain the constant pattern of interference when the target spatial frequency is high, we again need to point to the overall latency shift between the 2 and 8 c/deg target conditions. It is possible that the increased latency of saccades to a high spatial frequency target allowed for the continued temporal evolution of the internal response to the distractor. As such, under conditions in which the saccade latency is long, one would expect the interference pattern to depend less on the distractor spatial frequency. This idea was tested in the subsequent experiment.
Experiment 3
The aim of this experiment was to create conditions in which the overall saccade latencies were different through variations in the target contrast. The target Gabor had a constant spatial frequency of 4 c/deg and was presented at one of three contrast levels (0.2, 0.5, or 0.8). Distractors were always presented at a contrast of 0.5 (as before) and their spatial frequency was either 2 or 8 c/deg. The hypothesis outlined above predicts that when the target contrast is low and the saccade latency is long, high spatial frequency distractors will interfere more and possibly as much as the lower spatial frequency patches.
The combination of three target contrasts with two distractor spatial frequencies and two target eccentricities, including six no distractor baseline trials (one for each combination of target contrast and eccentricity), resulted in 18 different displays. Each display was repeated five times in a block of 90 trials (randomly intermixed). Six observers took part in eight blocks over two sessions (one for each saccade direction) for a total of 720 trials.
Results and discussion
We excluded 2.5 (range: 1-4), 0.9 (range: 0.4-3), and 1.9 (range: 0.4-6) percent of the trials from further analyses because of deviations away from central fixation, anticipatory movements, and inaccurate saccades respectively. The mean saccade latencies of the remaining trials are illustrated in Fig. 3 , separately for each target contrast. Varying the target contrast was an effective way to manipulate the overall saccade latency. As expected, saccade latency decreased with increases in contrast. Averaged over observers, the latency difference between the lowest and highest contrast conditions was 22 ms. This difference was larger than that observed between the 2 and 8 c/deg target conditions of Experiment 2. In addition, the overall latency in the highest contrast condition was highly similar to that observed in the 2 c/deg target condition of Experiment 2. Thus, we clearly succeeded in creating the necessary conditions for a test of the converging contrast responses hypothesis. However, there appears to be no difference in the slope of the function relating saccade latency to distractor spatial frequency. That is, the difference in saccade latency between the 2 and 8 c/deg distractor conditions seems to be constant regardless of the target contrast.
An ANOVA with the factors target side, eccentricity, contrast (0.2, 0.5, and 0.8), and distractor spatial frequency (0, 2, and 8 c/deg) as repeated measures, yielded main effects of target contrast [F(2, 10) = 32.01, p < 0.01] and distractor spatial frequency [F(2, 10) = 26.13, p < 0.01]. In addition, there was a significant interaction between side and eccentricity [F(1, 5) = 19.56, p < 0.01] because latency increased with eccentricity when the saccade direction was rightward, but the pattern was reversed for leftward saccades. As before, we repeated the analysis excluding the no distractor baseline trials. The main effects of target contrast and distractor spatial frequency remained [F(2, 10) = 45.47, p < 0.01 and F(1, 5) = 7.33, p < 0.05, respectively], but there was no interaction between the two factors [F(2, 10) < 1].
The 2 c/deg distractors interfered more than the 8 c/ deg distractors, regardless of the overall saccade latency. Our results do not support the converging contrast responses hypothesis. Under conditions in which the saccade latency was long, we did not find that the interference pattern depended less on the distractor spatial frequency. It therefore appears that the spatial frequency independent interference effect observed in Experiment 2(b) for the 8 c/deg target was not a consequence of converging contrast responses to low and high spatial frequency distractors over time.
Competitive accumulator model
As stated in Section 1, the RDE has typically been explained in terms of competitive interactions within the oculomotor system in general and the SC in particular. The SC is part of a wider network involved in oculomotor control, which contains various cortical and subcortical regions: Lateral Intraparietal Area, Supplementary Eye Fields, Frontal Eye Fields, Basal Ganglia, and a variety of regions in the brainstem and cerebellum (Wurtz & Goldberg, 1989) . It is likely that competitive interactions are present at all or at least several levels within this network. One structure in which competitive interactions have been observed is the frontal eye fields (FEF). Hanes and Schall (1996) and Schall and colleagues (reviewed in Schall & Thompson, 1999) have studied the role of FEF neurons in a variety of search tasks. The general finding is that a target and distractor initially trigger a similar response, but the distractor response is gradually suppressed over time. In addition, the target-related activity of FEF movement cells is well-described by an approximately linear rise up to a fixed response threshold (Hanes & Schall, 1996) . The time at which the activity reaches this criterion level is strongly related to the observed saccade latency. This idea that saccade generation can be described by a process of information accumulation up to a particular threshold, has been used to model saccade latency distributions under a variety of (single) target manipulations (Carpenter & Williams, 1995; Reddi & Carpenter, 2000) . Such models have a long history in the domain of simple manual reaction times and perceptual decision making (e.g. Luce, 1986; Ratcliff & Smith, 2004; Smith, 1995; Usher & McClelland, 2001 ). In CarpenterÕs LA-TER model the evidence concerning the presence of a target is accumulated linearly over time. Differences between saccade latency distributions of various experimental conditions can be explained in terms of differences in the underlying rate distributions of the accumulation process.
This idea is illustrated in Fig. 4A . Target related activity builds up from starting level, s, and the speed with which it reaches a criterion level, h, is determined by the accumulation rate, r. The parameter d is a constant and represents the saccadic dead time during which the decision to make a saccade of a specific direction and amplitude can no longer be altered. If the accumulation rates are Gaussian distributed, the latencies follow a typical, rightward skewed RT distribution (Fig. 4B) . Now consider a situation in which two items are presented, each of which triggers the build up of a saccade program. That is, there are now two accumulators each of which is rising to the threshold. Fig. 4C illustrates a competitive process with a lateral inhibition scheme described by Usher and McClelland (2001) (see also Leach & Carpenter, 2001 and Appendix A). At each time step the target activity is reduced by a proportion (parameter b) of the distractor activity, and vice versa. The panel illustrates that compared to when the target rises to threshold without a distractor (Fig. 4A) , the inhibition introduces a nonlinearity in the activity build up. This nonlinearity reflects the reduction in target activity by an amount that is dependent upon the strength of the distractor activity. As soon as the distractor activity is suppressed (and set to 0 in order to prevent a boost in the target activity--see Usher & McClelland, 2001) , the target build up resumes its normal, constant rate of rise. Note that the latency at which the threshold is crossed, is delayed. In Fig. 4D we illustrate the resulting latency distribution under these conditions of lateral inhibition. In comparison with the single target distribution in Fig. 4B , the median is shifted rightward, and the distribution displays a more pronounced right-hand tail.
We recently found that single target saccade latencies as a function of spatial frequency tend to remain virtually constant up to 4 c/deg and then increase sharply (Ludwig et al., 2004) . This spatial frequency modulation can be modelled in terms of differential rates of accumulation. That is, the build up of target related activity is slower for high spatial frequency patches (a more shallow slope in Fig. 4A ). Therefore, according to the lateral inhibition scheme illustrated in Fig. 4C , one would expect high spatial frequency distractors to interfere less than low spatial frequency ones, which is indeed the dominant finding of the present paper. Thus, this framework predicts a strong relation between single item latencies and the extent to which these items interfere when presented as distractors. In order to test these ideas we report an additional experiment in which data are modelled using the principles outlined above. Our strategy was to fit LATER to the single target latency data, and to use the rate parameters derived in this way to model the distractor trials.
Methods
Two naïve observers (one male, one female, aged 32 and 26 respectively) participated in four 1-h sessions. Three target and distractor spatial frequencies were used: 2, 4, and 8 c/deg. The distractor appeared at 4°e ccentricity in the opposite visual field. 1 The majority, 57%, of the trials were single target trials. Each of the six (three spatial frequencies distributed over two target locations) single target trials was repeated eight times in a block. Each of the 18 distractor trials (combining three target spatial frequencies, three distractor spatial frequencies, and two target locations) was repeated two times in a block. It was necessary to collect a relatively large number of single target trials for the LATER fitting. There were thus 84 trials in a block, and observers performed 20 blocks over four sessions for a total of 1680 trials, with saccade direction alternating between sessions.
1 If the distractor appeared at an eccentricity that was never used for the target (as in Experiments 1-3), it would not have been obvious what distractor accumulation rates to use in the simulation, particularly in the potential presence of eccentricity and directional effects. As it turned out, the data from the four target positions were aligned, and it was not necessary to base the distractor rate distributions on the data from the near target locations only (see Appendix A).
Data analysis and model fitting
Full details of the data handling and fitting procedures can be found in Appendix A. For each combination of target and distractor frequency, there were four latency distributions (one for each target position). In order to remove any effects of target side and eccentricity, each latency was corrected by the difference between the position mean and the grand mean for each observer (Eq. A.1). This alignment ensured that each baseline distribution consisted of $300 saccade latencies.
We fitted LATER to the aligned baseline distributions, using Eq. (A.2), setting s and h to 0 and 1 respectively. Instead of fitting the saccade latencies directly, we first subtracted a constant dead time, d, which was allowed to vary between 50 and 70 ms (Van Loon, Hooge, & Van den Berg, 2002) . LATER fits cumulative probability distributions; as a result the natural measure of central tendency is the median. The pattern of observed data was the same regardless of whether the mean or median was used (the means were generally slightly longer). Confidence intervals around the median were generated by nonparametric bootstrapping (Efron & Tibshirani, 1993) .
The rate distributions derived from the LATER fits were used to simulate the distractor trials. On each simulated trial, a target and distractor rate were randomly chosen from their respective distributions (with the distractor rate being 0 in the baseline condition). The target and distractor activity mutually inhibited each other, as described by Eq. (A.3). Note that if the distractor rate is higher than that of the target--for instance when the target spatial frequency is high and the distractor spatial frequency is low--the distractor will inhibit the target and the model makes an error. Such errors are rare in the data. Therefore, in order to ensure near perfect accuracy, the threshold for making a saccade to the distractor was raised. Functionally, this manipulation implies that relatively less evidence is necessary for a saccade if this evidence comes from a potential target location (Carpenter & Williams, 1995) . The extent of the threshold adjustment was the first free parameter in the model. The second free parameter was the strength of the lateral inhibition. We simulated 10,000 trials in each condition.
Results and discussion
The single target latency distributions and the LA-TER fits (solid lines) are shown in Fig. 5 for both observers. There was a relatively small difference between the 2 and 4 c/deg latencies, and then a sharp increase in the latencies of saccades to the 8 c/deg target. The D statistic in both panels is the Kolmogorov-Smirnov maximum absolute deviation between the observed and predicted cumulative probabilities. For all six distributions, the fits were not significantly different from the observed distributions. The fits were particularly good for observer O1. The derived rate and dead time parameters are listed in Table 2 .
The open symbols in Fig. 6 illustrate the median latencies for both observers. For O1 the drop off in interference with distractor spatial frequency appears to grow with increasing target spatial frequency. For O2 this drop off appears relatively constant for all three target spatial frequencies. Neither observer showed the pattern of interference obtained in the average group data of Experiment 2. Note that the overall amount of distractor interference was drastically increased compared to the results of Experiments 1-3. One reason may be that the distractor was placed closer to the central fixation point (see Walker et al., 1997 and the Discussion of Experiment 1). Another possibility is that the amount of interference is somehow dependent on the frequency with which distractor trials occur relative to no distractor baseline trials. Distractor trials occurred more frequently than baseline trials in Experiments 1-3, but less frequently in the current experiment.
The solid lines illustrate the model fits. As can be seen, the model predictions generally fell within the confidence intervals around the observed medians. The only two data points it obviously missed were O2Õs latencies of saccades to an 8 c/deg target in the presence of 2 and 4 c/deg distractors. Although the model always predicted less interference from high than low spatial frequency distractors, it tended to underestimate this difference, particularly with high spatial frequency targets. The model differences between the 2 and 8 c/deg distractor conditions ranged from 3 to 7 ms over the two observers and three target spatial frequencies. The model certainly can produce a sharper drop off, but-- given these two particular sets of data and rate parameters--not without a cost in the number of incorrect responses or time-outs. One interesting feature is that the model, using a single lateral inhibition parameter, naturally predicts that the overall amount of interference increases as the target rate decreases. That is, weaker targets are more vulnerable to interference. This effect certainly appears quite strong in the two data sets shown in Fig. 6 . The values for the target threshold to distractor threshold ratio, lateral inhibition parameter, and the r 2 associated with these fits are also included in Table 2 .
General discussion
In a series of remote distractor experiments we explored the spatial frequency sensitivity of the saccadic system. Observers generated saccades to target Gabor patches, ignoring distractor Gabors in the contralateral visual field. The spatial frequency of the target and distractors was systematically varied. In Experiments 1-3 low to medium (up to 4 c/deg) spatial frequency distractors delayed the target-directed movement approximately equally, regardless of the target spatial frequency. High spatial frequency distractors interfered less, except when the target spatial frequency was high as well. This finding was not due to the increased visual processing time available when saccade latency was long.
We developed a model based on competitive interactions within an oculomotor decision unit that could account for the main finding of a decrease in the RDE with high spatial frequency distractors. The model provides an explicit link between the response latency to an item, and the amount that item will interfere as a distractor. In the form presented above, the model predicts that a weak item (i.e. high spatial frequency patch) will always interfere less than a strong item (i.e. low spatial frequency patch). However, the data from Experiment 2(b) show that this prediction does not always hold. The model cannot account for such patterns of data. We will now briefly speculate how the model could be expanded to accommodate these results.
The competition between accumulators described above forms a simplified representation of interactions between target and distractor related activity in oculomotor structures such as the SC and FEF. The assumption was that target and distractor signals arrived at such an oculomotor decision unit in the same way they would have done had these items been presented in isolation. As such, possible interactions before the level of this oculomotor decision unit were disregarded. One hypothesis is that when two items are presented both signals that enter the decision unit are reduced. The strength of this reduction may depend on the amount of channel overlap in the activity generated by the two patches. In this context, the channel may either be spatial frequency specific or may refer to a transient or Table 2. sustained type channel (Breitmeyer, 1975; Kulikowski & Tolhurst, 1973; Legge, 1978; Tolhurst, 1975) .
The proposal is of a two-stage model of the RDE. In the first stage the responses to a target and distractor are both reduced by a magnitude that depends on the extent to which they activate the same channel. These reduced responses are then entered into the oculomotor system, where the channel specificity is lost. That is, items compete with each other and the strength of this competition only depends on the magnitude of the responses, regardless of which channel mediated these responses.
Consider how this combination of interactions could give rise to the pattern of interference obtained in Experiment 2. First, take a 2 c/deg target. When the distractor is 2 c/deg the responses to both items are reduced because both patches will activate the same channel. Both the response adjustment and the lateral inhibition in the decision unit are less strong when the distractor spatial frequency is high. As a result, distractor interference decreases with increasing distractor spatial frequency. The pairing of an 8 c/deg target with a low frequency distractor activates different channels and results in a smaller response adjustment. However, the competitive interactions in the oculomotor decision unit are strong due to the fast build up associated with the low spatial frequency distractor. When the distractor spatial frequency is high these lateral interactions between oculomotor programs are weaker, but the overall response reduction in the preceding stage is strong.
The visual channels that mediate the internal response to a target and distractor are important in predicting how the saccadic system will respond to a particular configuration. Our data and theoretical analyses suggest that the amount of distractor interference cannot be completely accounted for by the response triggered by each item in isolation. Interactions at an earlier visual level may play an important role and need to be incorporated in models of saccade target selection. What is of interest is that our study suggests that such interactions can extend over large regions of the visual field. Such long-range interactions have been shown to occur in the responses of neurons in striate cortex (Angelucci et al., 2002; Mizobe, Polat, Pettet, & Kasamatsu, 2001 ).
With respect to previous studies of the RDE using broadband stimuli, the present work suggests that the lower spatial frequency components in the distractor are the most likely source of the latency interference. This conclusion is consistent with the idea that the saccadic system is sensitive to information at relatively coarse spatial scales. In addition, assuming that the transient channel is particularly responsive to the lower spatial frequencies, it appears that this system might play a priviliged role in the generation of saccadic eye movements.
The dead time was assumed to be constant for all three spatial frequencies, and to lie between 50 and 70 ms. The threshold parameter was set to 1. The two rate parameters, l and r, were free to vary for each spatial frequency. They were adjusted using the SIMPLEX algorithm available in MATLAB. The algorithm minimised the Kolmogorov-Smirnov D statistic, which is the maximum absolute deviation between a predicted and observed cumulative probability distribution.
A.3. Competitive accumulators
The instantaneous accumulation rate is described by the following differential equation (Usher & McClelland, 2001 This equation describes the rate of change in the activity x of accumulator i, given a particular input rate r i of accumulation and some proportion, b, of the amount of activity in the other accumulator at time t. It is the input rate that varies from trial to trial in a Gaussian manner. The solution of this equation was approximated numerically by Euler integration with a time step of 1 ms (i.e. dt was set to 1 and the time scale s was set to 1000 ms, which was the duration of one trial).
